We present measurements of the low temperature thermal conductivity for materials useful in the construction of cryogenic supports for scientific instrumentation and in the fabrication of flat flexible cryogenic cabling. The materials we measure have relatively low thermal conductivity. We present a method for measuring the heat transfer coefficient of flat cabling and show, using an example, that the thermal conductivity of a flex cable is reasonably well predicted by composing the thermal conductivities of its constituent material layers. Room temperature physical and mechanical data is given for the materials studied, as well as an overview of relevant materials science and manufacturing details. Materials include Timet Ti 15-3 and Ti 21S, Materion alloy vit105 (LM105) in amorphous state, ATI Metals Nb-47Ti, Johnson Matthey nitinol (NiTi), Mersen graphite grade 2020, DuPont Pyralux coverlay and Vespel SCP-5050, and Fralock Cirlex polyimide sheets. All data is in the temperature range 0.05 to 2 K, and up to 5 K for SCP-5050.
Introduction
This work is motivated by the need to design a cryogenic support structure called the 'tower' and low inductance, high trace count (∼110), cabling for the detectors of the SuperCDMS (Cryogenic Dark Matter Search) SNOLAB experiment, [1] . The tower provides heat sink attachment points as well as mechanical support for the detectors and their associated cabling. It is connected to each temperature stage of the cryostat, and must provide stiff mechanical support between stages while minimizing heat flow between them and being composed of very low radioactivity materials, Figure 1 (Right). The towers and cryostat are designed to maintain the detectors at 0.015 K. In order to complete the design, it was necessary to measure the sub-kelvin thermal conductivities of many candidate materials for possible use in the detector signaling cable and tower.
Flat flexible cabling, made by laminating patterned metallic foil between insulating polymer layers, is chosen to convey detector signals because it allows one to have large trace counts with engineered impedances within a small cross section. For such cables, one wants to know the cable's thermal conductivity due to longitudinal heat flow, as well as its heat conductivity due to transverse heat flow, which can be quantified as a heat transfer coefficient, Figure 1 (Left). We discuss usage of the heat transfer coefficient in section 3.2. In designing these cables, the challenge is to minimize longitudinal heat flow while satisfying one's electrical impedance and shape (e.g. length) requirements. To do this, one would ideally like to use the thermal conductivity of the constituent material layers to predict the aggregate longitudinal heat flow. We apply the same measurement techniques to different specimen geometries to measure the thermal conductivity of materials useful for flat flexible cabling and cryogenic support structures. These techniques are also used to measure the heat transfer coefficient of a multilayer laminated specimen due to transverse heat flow. In pursuit of minimizing the heat flow between cryostat temperature stages, the materials we selected to measure were expected to have low thermal conductivity, a priori. Error is estimated for all these measurements.
This article provides both low temperature heat conductivity data and higher (e.g. room) temperature material characteristics for a few materials of potential usefulness in constructing a low temperature instrument. The article is organized as follows: In section 2 we present extensive background information on the materials measured including notes on sample preparation, how they are manufactured and the materials science regarding their room and low temperature properties. Readers principally interested in the thermal conductivity results may want to skip this section or only read the parts of it that pertain to the materials of interest to them. In section 3, we discuss the details of our experimental setup and measurement. In section 4, we present our measurement results. In section 5, we summarize our conclusions.
Materials tested
The materials tested can be divided into those which are composed of thin component materials which have been laminated together, the 'laminated materials', and those which are themselves 'component materials' in either thin sheet or bulk form. Unless otherwise noted, all alloy compositions are given as weight percentages, i.e. X-nY-mZ is (100-n-m wt%) X -(n wt%) Y -(m wt%) Z.
Often, cryogenic cabling and supports are expected to perform differently at room temperature than they do at low temperature. For example, strength may be most important for a cryogenic support structure when it is at room temperature and being handled, while stiffness and thermal conductivity may be most important at low temperature [2, 3, 4] , when bolted in the cryostat. For this reason, we tabulate mechanical and physical properties of the component materials studied near room temperature in Table 1 . Next, we review background information on the materials science, manufacturing and the use at low temperatures of the materials we measured so as to aid the designer in making the most appropriate material selection for their application.
Component materials
Pyralux LF: We present data on DuPont Pyralux LF coverlay composite, which consists of DuPont Kapton type HN film coated on one side with a proprietary temperature activated, 'B-stage', acrylic adhesive. Kapton is the trade Cirlex.
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ρ is obtained from specific gravity using the density of water, To make the test sample, two sheets of LF 0110 were laminated together such that the acrylic adhesive of one sheet was adhered to the acrylic adhesive of the other (i.e. the stack-up is 25.4 µm Kapton, then 25.4 µm adhesive, then 25.4 µm adhesive, then 25.4 µm Kapton). As recommended by DuPont, the lamination requires heating the part to 182 to 199
• C and applying 200 to 400 psi pressure for 1 to 2 h. The laminated construction was folded upon itself and heat was directed parallel to the surface of the sheets as done in [20] . Although Kapton HN films are known to be semicrystalline with the molecular axes aligned in the plane of the film and close to its 'machine direction' (probably within ≈30°of the machine direction [5] , which is the long direction in which the material was produced and rolled), no attempt was made to keep track of the machine direction with respect to the direction of heat flow.
Pyralux composites meet the criteria of NASA outgassing specification, SP-R-0022, with ≤1.0 % total mass loss (TML) and <0.10 % collected volatile condensable material (CVCM), [21] .
Cirlex: The specimen is from a 0.787 mm [0.031 inch] thick sheet provided by Fralock -currently DuPont's sole licensee for the production of Cirlex worldwide. Our interest in Cirlex stemmed from its low radioactivity, relative to other circuit board laminates. Heat flow was parallel to the plane of the sheet for the thermal conductivity measurement. Cirlex is polyimide material currently available in panels 0.102 to 4.724 mm [0.004 to 0.186 inch] thick. Panels are available with or without copper cladding for use in printed circuit board manufacturing. The material has mechanical properties (Table 1 ) suitable for use in structural elements and as stiffeners in flexible circuit applications. DuPont Kapton HN and Cirlex are made from the same polyimide monomer precursor film except that the Cirlex precursor film is treated with organotin stabilizer added at few parts per million concentration, whereas Kapton HN is cured precursor. Fralock stacks together the precursor films to obtain different product thicknesses. Aggressive heat and pressure, not adhesive, are used to bond the films together and to drive out volatiles from the precursors. Considering this manufacturing process, it is not surprising that Cirlex and Kapton HN have similar mechanical, physical, thermal, chemical and electrical properties.
Cirlex also meets SP-R-0022, with 1.134 % TML, <0.013 % CVCM and 0.753 % water vapor regain according to [5, on a 3.175 mm, 0.125 inch, thick specimen]. The precursor films and the finished product are semicrystalline.
Vespel SCP-5050: DuPont Vespel is a family of high performance plastics which have a polyimide base polymer. The Vespel SCP line was introduced in the early 2000s as an improvement to the Vespel SP line which was commercialized in the 1960s. In comparison to other performance plastics and to the SP products, Vespel SCP products are attractive for their sustained mechanical and electrical stability at high temperatures, generally ≥250
• C, and for long durations; their chemical resistance, although they are susceptible to alkaline attack; their radiation resistance; low outgassing in vacuum environments, following an initial bake out (SCP-5050 meets SP-R-0022 with 0.13 % TML and 0.01 % CVCM and 0.03 % water vapor regain [21]); and their low coefficient of thermal expansion at elevated and cryogenic temperatures. Generally, the SCP products outperform the SP in all these areas, often considerably. On the other hand, Vespel SCP material is relatively expensive. While Vespel SP and SCP materials do not melt, the SCP line has a glass transition temperature at approximately 320
• C. Vespel products are available with certain filler materials added to achieve different properties. SP-1 and SCP-5000 are unfilled polyimide polymers. Graphite is added to the polyimide base material in grades SP-21 (15 wt%), SP-22 (40 wt%), SCP-5050 (unspecified wt%). The graphite filler results in lowered cryogenic thermal conductivity [22, 2] , coefficients of thermal expansion and friction, and improved wear resistance.
Vespel can be purchased in several stock shapes including rod, tube, bar and plaque. Upon request, DuPont can also produce custom Vespel shapes and parts. DuPont uses different manufacturing processes to make stock and custom shapes and parts. One of these processes is hot isostatic molding where heat and pressure are applied from all sides of powder in a mold until it attains a desired form. 'Isostatic' parts and shapes, made by this process, are isotropic in their properties, e.g. thermal conductivity and coefficient of thermal expansion (CTE). Rod, tube and bar are manufactured via hot isostatic molding. Another process used is standard compression molding, where only pressure is applied to the powder and then a post-forming sintering operation is performed to strengthen the material. 'Direct form' parts and shapes, made by this process are (sometimes considerably) anisotropic in their properties.
Thermal conductivity data was obtained from stock rod material made by the isostatic process, which was originally manufactured by DuPont and distributed by Curbell plastics. Since there are many imitation products on the market, it is advisable to request certified 'authentic Vespel' through an authorized DuPont distributor when sourcing this material.
2020 Graphite: The sample measured was manufactured by and obtained from Mersen USA corporation. The manufacturing process of grade 2020 involves forming stock shapes via cold isostatic pressing of particle grains 1 of ground filler material (which may come from petroleum cokes, natural and/or recycled graphite) mixed with a pitch binder [24] , baking and then graphitization at >3000
• C. The filler material average particle grain size is ≈15 µm, and the finished graphite is porous with 9 % of its volume composed of voids. This grade is marketed as an isotropic artificial graphite for use in the pressure sintering industry as a mold material, and as a die material in hot pressing applications -applications where its excellent machinability and dimensional stability at high heat are exploited.
The forming process imparts a preferred particle grain orientation into the finished graphite as the long axes of filler particles align perpendicular to the direction of the forming force. The long axis of the particles is usually parallel to the graphene planes of its graphite crystal structure (i.e. aligned to a-axis), however the particle eccentricity depends on the source of the particular filler material used and can be minimized by selection, [25] . In the end, there will be a direction in the graphite which is maximally aligned with the c-axis (the 'across grain' direction in the parlance of the industry, per ASTM C709, and denoted ⊥ here) and a direction which is maximally aligned with the a-axis (the 'with grain' direction and denoted here).
The samples we measured came from a 101.6 mm × 101.6 mm × 101.6 mm [4 inch × 4 inch × 4 inch] cube section of billet product, which was marked by Mersen to indicate its 'with' and 'across grain' directions. The cube was halogen purified by Mersen to a spot total purity of ≈1.3 ppm measured elemental contaminants by weight. Two rods were cut from the cube, one with its axis oriented with the grain and the other with its axis oriented across the grain. The thermal conductivity of each rod was measured with heat flowing parallel to the rod axis. The thermal conductivity data for heat flowing across the grain as well as a description of the purification process, is presented in Kellaris et al [22] . We present thermal conductivity data for heat flowing in the with grain direction.
65.7Zr-15.6Cu-11.8Ni-3.7Al-3.3Ti (Common Name LM105, vit105): The Materion Corporation produces this alloy in crystalline ingot form. Liquidmetal Technologies uses the ingot as feedstock in an injection molding process to produce an amorphous alloy which we used for our measurements 2 . This alloy is one of a family of alloys which can be cooled from a liquid at a relatively slow rate without the sudden formation of a crystalline phase and therefore yields a frozen liquid atomic configuration throughout the bulk of the sample [26, 27] , i.e. a bulk metallic glass. Consequently, it can be molded into complex geometries, including small cavities, with minimal post-processing, minimal shrinkage (since there is no crystal phase transformation), and excellent repeatability. LM105 is an example of a commercially available Zr-based metallic glass; other metallic glasses such as Cu-, Pd-, Ni-, Fe-as well as lower density [28] Al-, Mg-, Ti-based materials exist but may not be as commercially available. Generally, these materials have high yield strength, elastic limits (∼2%), hardness, and corrosion resistance. The high elastic limit is concomitant with a high elastic storage capability, with minimal loss. Bulk metallic glasses exhibit an increase in plasticity (ductility or fracture toughness) as their temperature is lowered [29] , a potentially useful characteristic for cryogenic structural support applications. Though the amorphous phase is not thermodynamically stable, they exhibit metastability at and below room temperature for sufficiently long times to allow their use in structural applications.
The specimens measured are as-injection-molded trapezoidal prisms. The surfaces have been slightly lapped to ensure flatness and to remove any flash. Heat flow was directed down the long axis of the prisms. Based on previous samples formed by the same process and using the same mold, the sample measured is expected to be 99 % amorphous by volume or greater.
Titanium Alloys. Pure titanium has a hexagonal close-packed, 'α', crystal structure at room temperature, and a body-centered-cubic (bcc), 'β', crystal structure at temperatures above 882.5
• C. The addition of certain alloying elements to titanium can change this temperature and allows for a mixed, α + β, phase to exist in equilibrium for temperatures below those where pure β phase is in equilibrium. The temperature at which the pure β phase decomposes to α + β phases is the 'β transus' (typically in the range 750 to 950
• C depending on the alloy). Alloying elements which decrease the β transus are called β-stabilizers and examples include Mo, V, Nb, and Ni. Within the α + β temperature range, α phase may be created by a nucleation-and-growth type mechanism which requires long range atomic movement, i.e. diffusion. Alternatively, α can be created as the result of cooperative short-range atomic rearrangements into a more stable crystal structure, i.e. a 'martensitic' transformation. Depending on alloy composition, martensitic transformations either occur at lower temperatures than those where nucleation-and-growth type transformation occur or do not occur at all. In the former case, the martensite start temperature, M s , is the temperature below which martensitic transformation occurs. In the latter case, the material is called a metastable-β titanium alloy, [30, 8, 11] . This is in contrast to yet another case where the addition of alloying elements has depressed the β transus below room temperature, and the material is regarded as a (stable) β titanium alloy. β titanium alloys are attractive for their high strength-to-density ratios and their outstanding room temperature formability [31] . Metastable-β alloys can, additionally, be heated to a temperature below the β transus, typically between 400 to 600
• C for 0.5 to 16 h, to precipitate finely dispersed needle-like α-phase particles (as well as other phases) within their β matrix, [12] . These heat treatments, known as 'aging', have the effect of strengthening and hardening the material. The pure β phase can be recovered by annealing the material above the β transus and then rapidly cooling to prevent significant precipitation of α (typically air-cool or faster). Such heat treatment to remove precipitates is called 'solution heat treatment' or 'solution annealing'. Unfortunately, the bcc structure of β alloys is generally subject to a loss of ductility, i.e. UE approaches zero, at low temperature [11, sec. 1, part 8] in what is known as a 'ductile-to-brittle transition'. The presence of interstitial contaminants, e.g. hydrogen, exacerbates the effect ( [32] and [33] , [34, a good survey of low temperature pressure cell materials]) and to be avoided. Rather than a sharp transition, a steady decline in plasticity is seen in β alloys with extra low interstitial ('ELI' grade) content and commencing at lower temperatures than is the case of higher interstitial contaminated alloys.
53Nb-47Ti (Common Name Nb-47Ti): The principle commercial application for Nb-47Ti is for use in superconducting wiring and cabling, such as those used in magnet wiring. With its β transus in the range 550 to 600
• C [35, 36] , Nb-47Ti is suitable for this application because it is relatively inexpensive, has high ductility which facilitates wire drawing, and can be thermomechanically processed to support high critical current densities (up to 3500 A mm −2 at 5 T and 4.2 K, [37] ) and critical fields at liquid helium temperatures. The high critical current densities are due to the ability of α-titanium precipitates (non-superconducting at 4.2 K) to pin fluxoid motion [38] . Conventionally processed Nb-47Ti wire strands are subject to a finely-tuned sequence of cold deformation and aging steps in order to obtain nanometer-scale α-titanium precipitates whose spacing matches the fluxoid spacing for maximal pinning efficacy [35, 37] . The specimens measured here were not processed in this way.
The choice of 47 wt% titanium alloy allows magnet wire manufacturers enough titanium to attain a desired α-titanium precipitate volume fraction (up to 25 vol%, while depleting the titanium concentration in the surrounding β-Nb-Ti matrix to between 37 and 38 wt% [35] ), but not too much titanium as to enable the growth of unwanted metastable phases (e.g. ω phase) and precipitate morphology (e.g. Widmanstätten) during thermomechanical processing. The T C also changes as a consequence of conventional processing, [39] . Based on the behavior of Nb-50Ti [8, pg 142] , as the temperature is lowered, Nb-47Ti may be expected to gradually lose ductility instead of a sharp brittle transition while exhibiting a concomitant two to three-fold increase in yield and tensile strengths.
The Nb-47Ti sample studied was alloyed, forged, and cold rolled to foil form by ATI Specialty Alloys & Components 3 using the Nb-Ti impurity specification established for the superconducting supercollider, [40, 2500 ppm-wt limit for the Ta; 46 to 48 wt% Ti limit for 'Nb-47Ti'], though the actual ingot chemistries are typically much better for most elements. It was last annealed at 860
• C for 20 min, and then cold rolled from 254 µm [0.01 inch] thickness to its final thickness of 63.5 µm [0.0025 inch] on average. For the thermal conductivity measurement, heat flow was directed parallel to the surface of the foil as done in [20] and perpendicular to the roll direction.
Ti-15V-3Cr-3Sn-3Al (Common Names Ti 15-3-3-3, Ti 15-3): Ti 15-3 is a metastable-β titanium alloy with a β transus in the range 750 to 770
• C, [12, 11] . It was developed in the 1970s by the Titanium Metals Corporations, Timet, and Lockheed with support from the U.S. Air Force to be a weldable, age hardenable, room temperature formable sheet alloy such as to provide an economical (i.e. relatively low stock and fabrication costs) high specific strength strip material, [12, 41, 31, 13] . The specimens studied come from material alloyed 5 , milled to sheet form, and then solution treated by Timet. We present thermal conductivity data for 4 (which we denote h.t. in the data) at the 21.336 µm finished thickness was performed on the foil by collaborators. For the thermal conductivity measurement, heat flow was directed parallel to the surface of the sheet sample as depicted in Figure 3 for the case of NiTi. Heat was also directed parallel to the surface of the foil sample as done in [20] . The cold rolling steps in the mill and foil processing of our samples are expected to impart anisotropy (e.g. grain texturing) in their material properties, including CTE and thermal conductivity. Our thermal conductivity measurements did not account for any such anisotropy.
Ti-15Mo-2.7Nb-3Al-0.2Si (Common Name Ti 21S): Ti 21S is a metastable-β titanium alloy with a β transus in the range 793 to 810
• C, [11] . It was designed to have better high temperature behavior than Ti 15-3. It has higher tensile strength and better creep resistance than Ti 15-3, and among the lowest CTE and highest oxidation resistance of the β titanium alloys [12, 41, 31, 43] . It is also more expensive than Ti 15-3. Our interest in Ti 21S was initially prompted by its availability in thicker sheet mill product in comparison to Ti 15-3, an attractive characteristic for low temperature structural applications. The specimens studied come from material alloyed 5 , milled to sheet form and then solution treated by Timet. The sample measured was 2.286 mm [0.090 inch] thick sheet and heat flow was directed parallel to its surface. Again, any anisotropy imparted by mill processing was not tracked.
55.7Ni-43.89Ti (Common Name Nitinol, NiTi): The specimen studied is in sheet form and was obtained from Johnson Matthey Inc. To produce the sheet, Johnson Matthey rolled source material provided by a third party supplier to 1.498 mm [0.059 inch] finished thickness, then performed a shape set anneal at approximately 450 to 550
• C to make the sheet flat, and then pickled the sheet. They report an ultimate tensile strength of 1365 MPa with 11.2 % elongation at failure in the cold rolling direction at 22
• C. For the thermal conductivity measurement, heat flow was directed parallel to the surface of the NiTi sheet, perpendicular to the roll direction.
This material is an intermetallic compound and belongs to a family of NiTi alloys with nearly equiatomic composition (usually with a few at% excess of Ni) possessing superelastic (sometimes called pseudoelastic) and shape memory properties. Whether it exhibits superelastic or shape memory behavior at room temperature depends sensitively on the exact ratio of Ni and Ti, the addition of dopants, and the thermomechanical treatment history of the individual specimen. These conditions determine transition temperatures between a mechanically weaker martensitic phase at low temperatures and a stronger austenitic phase at higher temperatures 6 , which can be within the approximate range of −100 to 100
• C. For example, aging at 250 to 500
• C has the effect of producing Ni-rich precipitates, enriching the surrounding matrix with Ti, and increasing phase transition temperatures [44] ; solution anneals, typically at 500 to 600
• C, rapidly re-solutionize these precipitates, decreasing transition temperatures. As such, heat treatment can be used to tune transition temperatures. Additionally, the transition is hysteretic: transformation from martensite to austenite does not occur over the same temperature range as the transition from austenite to martensite; typical hysteresis for NiTi alloys ranges from 20 to 40
• C. The shape memory, which can be one-way or two-way, and superelastic behavior of the material are due to twinning phenomena in the crystal structure of the martensite. One-way shape memory occurs when the alloy is at a 4 The foil was heated to 400 • C in an argon atmosphere for 10 min and then allowed to air-cool to room temperature, which took about 250 min. This heat treatment is part of our recipe for electroplating copper onto the foil for use in flex circuit fabrication. We wanted to confirm that the treatment does not affect thermal conductivity and, according to our data in Figure 4 , it does not. The lack of effect on the thermal conductivity is consistent with the expectation of no microstructure transformation based on the time temperature transformation data presented in [41, Fig. 12 ] for Ti 15-3, and similarly in [42, Fig. 7] . 5 The Timet contact acknowledged tells the authors that while Timet's 15-3 and 21S alloys are specified to have slightly greater interstitial maximum allowances than Ti 6-4 ELI (per ASTM B265, see [32] and [34] for discussion of ELI), the typical interstitial concentrations for these alloys are well within the Ti 6-4 ELI maximums. 6 For NiTi the austenite phase has a B2 structure up to about 600 • C whereupon it becomes bcc [15] . Martensite is B19 prime.
temperature where it is martensite and is then subjected to a load sufficient to macroscopically change the shape in a plastic way which also results in a microscopic change to the form of the martensite from twinned to detwinned. When the alloy is heated to the austenite phase, the original shape is recovered. Two-way shape memory is obtained when the part assumes one shape in the martensite phase and another shape in the austenite phase with no applied load. Twoway shape memory behavior is achieved by thermomechanical processing. The superelastic behavior occurs when the alloy is at a temperature where it is austenite and is then subjected to a load which microscopically creates detwinned martensite. When the load is removed, the phase immediately reverts to austenite, since austenite is in equilibrium at the temperature, [45, 46] and [11, ppg. 1035-1048] . Above a certain temperature, denoted M d , superelastic behavior is lost because it is easier for an applied load to move dislocations as opposed to create martensite. NiTi is appealing for cryogenic applications because one can design parts which exploit the shape memory and/or superelastic behavior around room temperature and then rely on its martensitic material properties at low temperatures. Also of interest to those designing cryostats is that the transformation hysteresis leads to low frequency vibration dissipation in the superelastic state [47] . Complete shape recovery in NiTi diminishes due to the accumulation of defects created by repeated bending, but other shape memory alloys, e.g. ZnCuAu, are more resilient in this regard, [48] .
Laminated materials
Flat cable thermal conductivity test specimen: We fabricated a specimen to measure the thermal conductivity due to longitudinal heat flow (Figure 1 (Left)) in a flat cable. The result would allow us to test the assumption that the flat cable thermal conductivity is well predicted by composing the thermal conductivities of its constituent layers (weighted by cross sectional area), whose thermal conductivities have each individually been measured. The test specimen is a stack of Pyralux coverlay and bondply, and 21.336 µm [0.00084 inch] thick Ti 15-3 foil patterned with repeating pattern of straight parallel signal traces, which have been laminated together into flat flexible circuit coupons 7 . We shall refer to this stack composition as stack A. The coupons were folded upon themselves and their thermal conductivity was measured in the same way as the Pyralux and Ti 15-3 foil samples, [20] , with the patterned straight-line Ti 15-3 traces oriented parallel to the direction of the flow of heat.
Flat cable heat transfer coefficient test specimen: We fabricated a different test specimen in order to measure the heat transfer coefficient due to transverse heat flow (Figure 1 (Left) ) of a flat cable having very similar constituent material layers. This specimen has three copies of a stack nearly identical to stack A, with a thick sheet of copper interleaved between them and adhered to them with acrylic adhesive film. The difference between stack A and the stack used here, which we shall refer to as A , is that the central Pyralux bondply layer is thinner (12.7 µm [0.0005 inch] acrylic adhesive, 12.7 µm Kapton HN and 12.7 µm acrylic adhesive) and the Ti 15-3 layers are not patterned. The final ordering and composition of the laminated material stack for use in the thermal boundary resistance test specimen is CBA BCBA BCBA BC, where C is oxygen-free electronic copper ('OFE', formerly OFHC oxygen-free high conductivity but same alloy designation 10100) sheet 1.27 mm [0.05 inch] thick, and B acrylic adhesive film (that which is used in Pyralux) 12.7 µm thick, and it has an overall thickness of 5.740 mm [≈0.226 inch].
Slots were milled into a 73.66 mm × 12.70 mm [2.9 inch × 0.5 inch] bar of the 5.7404 mm [≈0.226 inch] thick material stack to make a serpentine-shaped test specimen, Figure 2 . This geometry forces heat created on one end of the specimen to flow through 36 copies of the cable stack, A , before it reaches the other end of the test specimen, a linear distance of 73.66 mms away.
Experimental procedure

Thermal conductivity measurements
We carried out our thermal conductivity measurements in an Oxford Instruments 75 µW wet helium dilution refrigerator which has a mu-metal cylinder cladding on the outside of its outer vacuum chamber. Based on room temperature readings, we estimate a DC magnetic field strength to be on the order of <1.6 mG at the position of the sample, due to the earth. Figure 3 (Left) shows an example set up for our thermal conductivity measurements. A wide variety of different mounting geometries were used to accommodate the different sample specimens, which are often determined by the companies that produce them. The following mounting description applies to all specimens, except the heat transfer coefficient specimen. The base of the sample is epoxied to the copper sample mount which has holes that allow it to be bolted to the copper thermal link to the mixing chamber of the fridge. This thermal link maintains a roughly constant temperature of 40 mK throughout our measurements. The other end of the sample is epoxied to a sample mount that has a heater attachment point, and is otherwise thermally isolated in the fridge except for the manganin heater wiring. Both copper sample mounts are designed to impose a uniform temperature boundary condition. Stycast 1266 epoxy ( [49] ) was used for the sample mounted Ti 15-3 (sheet), Ti 21s, NiTi, and Graphite 2020 because low viscosity was desired. High viscosity Hardman 04007 Double Bubble high peel strength epoxy was used for the other samples. The thermometer mounts are machined as narrow (0.762 to 1.524 mm [0.030 to 0.060 inch]) as possible and are clamped, not glued, into position for the measurement. The narrow width of the mounts serves to minimize the disruption they cause to the temperature gradient along the surface of the sample. The cylindrical temperature sensors (Lake Shore package AA) are coated with the thermally conductive grease Apiezon N, inserted into holes on the thermometer mounts and secured in place with a set screw. To avoid errors due to thermal boundary resistance, the heater and T High thermometer are never housed on the same mounting fixture. The same applies to the T Low thermometer and the connection of the sample to the fridge. The entire apparatus, including the thermal link to the fridge, is surrounded by a copper heat shield at the base temperature of the fridge to minimize any radiative heat load. We used a nichrome metal film 20 kΩ resistor for the heater and confirmed its resistance via four-wire measurements at the low temperatures where it was used. The two sample temperatures were measured by germanium temperature sensors and the base temperature was measured by a ruthenium oxide sensor. All temperature sensors and their calibrations were purchased from Lake Shore Cryotronics, Inc. For temperatures below 600 mK, the resistances of the temperature sensors were obtained by DC four wire measurements and transformed into temperatures using the calibration data. The direction of the DC current in this resistance measurement was periodically flipped to correct for the thermoelectric effect. For higher temperatures, an LR-700 AC resistance bridge was used to read out the temperature sensors. To prevent unwanted heat flow through the wiring, all electrical connections to the sample were connected to the thermal link to the fridge (as labeled in Figure 3 (Left)) with 76.2 µm [0.003 inch] diameter manganin wires with lengths greater than 152 mms [6 inches] . This length limited the heat flow through the wires to at most (i.e. maximum over all samples and all temperatures) 2.5 % of the heat dissipated from the heater. The sample was allowed to attain thermal equilibrium before taking each data point. At low temperatures, depending on the material, this step took up to 5 h per data point. Samples were allowed to fully transition to their superconducting state, should they have one, for the measurements.
From the set of measured thermometer temperatures at different applied powers, we extract the thermal conductivity by relating it to the heat flow through the sample.
A parametric form of K(T ) was chosen (see Table 2 ), and the parameters of K(T ) were estimated by minimizing
P i and P i are the powers applied by the heater and expected from equation 1 for each data point, respectively. σ P i is the estimated error in the power measurement. This method has the benefit of not being sensitive to a large temperature gradient across the sample, but it is restricted by the choice in parameterizing function. As a check of our parameterization, we calculate the thermal conductivity by assuming K(T ) is constant between the two sample thermometer temperatures. The thermal conductivity is well approximated by the following equation as long as T High − T Low is sufficiently small.
Equation 3 makes no assumptions about the shape of the overall curve and can capture unexpected temperature dependencies. In particular, we used this method to determine if a power law or logarithmic polynomial function was required to represent the data. The left sides of figures 4 and 5 show these data points with their associated errors. The more useful parametric functions, which nearly coincide with the constant K(T ) values, are plotted on the right side and compared to similar materials measured elsewhere. The difference between the parametric curves and those curves generated assuming constant K(T ) are negligible. We typically measure a small temperature gradient across the sample when the heater is off, suggesting a small, spurious heat load. For our setup, this heat load tends to be less than 5 nW and mostly affects the lowest temperature data points. This effect must be taken into account in the above methods in order to obtain accurate results at the lowest temperatures. Since the base temperature thermometer reading remains almost constant between consecutive temperature data points, we were able to estimate and remove this effect following the work of Didschuns et al. [50] . Kellaris et al. provide an additional discussion of the analysis methods used in this paper [22] .
Flat cable heat transfer coefficient measurement
Because of the discrete layers and thermal boundary resistances ([51, 52, are some boundary resistance review articles]) in the flat cable, the thermal conductance due to transverse heat flow does not scale inversely with thickness. Therefore, we cannot define a thermal conductivity for transverse heat flow. Instead we define a 'heat transfer coefficient' between the top and bottom face of the flat cable. The heat transfer coefficient, h, is equivalent to the aggregate thermal conductivity, K, due to transverse heat flow after normalizing by the cable thickness, t, i.e. h = K /t. The measurement technique remains the same as that for the other thermal conductivity measurements in this work.
Forcing heat to flow through 36 copies of the cable stack, A , rather than just one, for example, allows us to establish a measurable temperature gradient. Because the copper thermal conductivity is so high compared to the conductivities of the rest of the materials, the copper layers do not appreciably contribute to the heat transfer coefficient of the system. Since heat transfer coefficients in series add inversely, we multiply our resulting heat transfer coefficient by 36 to obtain the coefficient for just one flex cable. The sample geometry is shown in Figure 2 . A schematic drawing of a typical set up for our thermal conductivity measurement. Center: Our SCP-5050 sample with its thermometer, heater, and fridge mount fixturing. Right: Our NiTi sample with its thermometer, heater, and fridge mount fixturing. The thermal impedance between the side of the sample bolted to the fridge and the mixing chamber of the fridge is minimal.
Referring to Figure 1 (Left), the heat transfer coefficient allows one to determine, for example, the heat sink contact area needed to effectively thermalize a flat cable running from T Hotter to T Cold . Zobrist et al. [53] presented a straightforward computational method to calculate this area. The heat transfer coefficient can also be use to calculate the equilibrium temperature of a heat dissipating component attached on one side to a flat cable, which is heat sunk on the other side, exactly as depicted in Figure 1 (Left). In this case, we know the heat dissipated from the component, P, the heat sink temperature T Cold and the area of contact between the cable and the component, A. The component temperature, T Component , can be extracted using the equation,
T C measurements
With the exception of the Nb-47Ti sample, four-wire resistive T C measurements were performed in an adiabatic demagnetization refrigerator (ADR) by the collaborators acknowledged. Their measurements were blind in the sense that they were not told the identity of the samples. Each sample was cut to a few mm × mm size and then glued with GE varnish to a polished OFE mount with a piece of cigarette paper interposed to prevent shorting. Aluminumsilicon wire bonds were made between the samples and copper traces on a G10 substrate which was also glued to the OFE mount. The OFE mount was bolted to the coldest stage of the ADR, which does not have active temperature regulation. The T C s reported are those measured over slow warm-up and correspond to the center value of the superconducting transition. Full transitions occurred over ∼1 h with the most rapid variation in resistance occurring over ∼3 min. Resistance readings of the samples and the ruthenium oxide temperature sensor were taken automatically every ∼30 s. The transitions were all easily discernable. The uncertainties quoted are dominated by the uncertainty in the temperature sensor calibration.
For the Nb-47Ti sample, a four-wire resistive T C measurement was performed in a BlueFors dry dilution fridge. The sample was glued to an OFE mount and wire bonded to a G10 board in the same way as the other samples. The mount was bolted to the mixing chamber stage of the fridge. The resistance measurement was executed before condensing the mix, while the stage was pre-cooled by a pulse tube cooler. The stage temperature was controlled by a resistive heater and ramped upward at a rate of 5 mK min −1 while a Lake Shore 370 AC Resistance Bridge recorded both the Nb-47Ti resistance and the temperature from a calibrated ruthenium oxide temperature sensor located next to the mount. 
Nb-47Ti
Kapton HN [54] Cirlex Pyralux
Nikaflex [22] Flat cable coupon
Cu-70Ni tubing [49] Manganin wire [55] Niobium rod [56] PTFE [57] 
Results and discussion
Thermal conductivity data points for the materials discussed in Section 2 are shown on the left side of Figures 4 and 5, which are grouped to distinguish between cryogenic cabling and support material, respectively. The shaded area of the plots corresponds to the combined measurement and systematic errors at the 68 % confidence level for each material. The error was calculated by considering the uncertainty in the applied sample power, thermometer calibrations, parasitic heat load and sample geometry.
Fits to data
Our thermal conductivity results are compared to those of similar materials measured in the literature on the right side of Figures 4 and 5 . Additionally, one can compare the thermal conductivities to that of copper using 63, pg. 7-16] . Our curves are parametric fits to our data K(T ) and the parametric functions used are indicated in Table 2 . Power law expressions were used when applicable and may hold outside of the temperature ranges used to fit the curves. For more complicated temperature dependencies, we fit our data to polynomials logarithmic in both K and T . These fit types should never be used outside of their specified temperature range because they diverge rapidly from realistic behavior. For NiTi, we used an additional fit coefficient to more accurately represent the measured data. On this table, we also include the total cross-sectional area through which heat flowed, and the distance between the centers of the thermometer mounts for each material measured. Vespel SCP 5050 Vespel SCP 5000 [22] Vespel SP-22 [49] Graphite 2020 ⊥ [22] Graphite 2020 Graphlite CFRP [22] SS 316LN rod [58] Kevlar 49 [59] Macor [60] G-10CR [60] Figure 5: The thermal conductivities of various materials useful for cryogenic structural supports are plotted. Left: Materials measured in this work are shown with their thermal conductivities calculated assuming K(T ) is constant between sample thermometers. The shaded regions correspond to uncertainty at the 68 % confidence level. The arrow points to an additional data point for Vespel SCP-5050, which is 2.75 · 10 −2 W m K at 5.3 K . Right: Parameter fits for our data are plotted next to thermal conductivity curves found in the literature of other useful cryogenic support materials. The data markers do not correspond to measured data points.
Cable component materials
We find that although the thermal conductivity of the Pyralux LF approaches that of Cirlex at low temperatures, Cirlex is significantly less conductive than Pyralux LF at higher temperatures. We suspect this is due to the acrylic adhesive. The Pyralux LF thermal conductivity can be compared to the Nikaflex CISV coverlay conductivity presented in Kellaris [22] et al. Nikaflex uses an epoxy adhesive. In terms of availability and manufacturability, the acrylic-, epoxy-, and fluoropolymer-based (which has the lowest dissipation factor and is used in DuPont Pyralux TK laminates) adhesives 9 comprise the prevailing adhesive solutions for flexible circuits. We confirm that mildly heat treating Ti 15-3 foil does not have a measurable effect on the thermal conductivity when comparing our results to those of Kellaris et al. [22] who measured foil from the same roll that was not heat treated. The thermal conductivity of the Ti 15-3 foil is slightly less than that of the Nb-47Ti foil sample measured for this paper.
Portions of both the Ti 15-3 and Nb-47Ti foils that we have measured and reported on in this paper have been used to make flat cables for the CDMS experiment 10 to connect between 4 to 0.015 K. These cables are about 70 cm long, have several trace layers interconnected by plated through holes and have Cirlex stiffened portions where heat sinks, connectors and other surface mount components are attached. At UC Santa Barbara, we have used portions of 9 Besides thermal conductivity and dissipation factor, another consideration in choosing a flat cable adhesive product is its bonding temperature. Of the DuPont product family, Pyralux LF bonds at 182 to 199 • C, Pyralux TK bondply at 280 to 290 • C, and Nikaflex CISV at 160 • C. At room temperature the CTE missmatch between the kapton and the titanium alloys are larger than that between kapton and copper (Table 1) , the industry standard flat cable trace material. The missmatch increases with temperature, which can lead to production yield issues. The problem is exacerbated by the stiffness of the titanium alloys in comparison to copper. 10 Fabricated by Basic Electronics Inc., https://www.basicelectronicsinc.com, using Pyralux circuit materials. the Nb-47Ti foil to make microstrip flat cables 11 for the 4 to 8 GHz range to connect between 3.2 to 0.1 K, [64] . Other collaborators at UC Berkeley have used portions of the Nb-47Ti foil to make stripline flat cables operating in the 1 to 10 MHz range to connect between 4 to 0.3 K, [65, 66] .
Structural support component materials
The support materials tested show a much broader range in thermal conductivity. Ti 21S and the Ti 15-3 sheet have very similar thermal conductivities. The Ti 15-3 sheet is more conductive than the Ti 15-3 foil. Perhaps this is due to increased impact of phonon surface scattering in the superconducting foil or to changes in microstructure imparted by the thermomechanical processing involved in producing the foil.
We were surprised to measure that the NiTi undergoes a superconducting transition despite its 50.9 at% nickel content. (Amorphous NiTi with lower nickel content is known to become superconducting, [67] .) Perhaps the increasing slope of K(T ) toward low temperature is a result of the transition. The superconducting transition temperatures we measured (see Table 1 ) are similar to previously measured values: [68, Fig. 1 ] suggests 8.8 K for Nb-47Ti, [69] measured 3.89 ± 0.01 K for Ti 15-3, and [70] measured 1.030 K for LM105. Differences in the exact microstructural condition and alloy constitution between the present specimens and those measured previously by other authors might be the source of the T C differences.
We present a wider temperature range for the Vespel SCP-5050 in comparison to what has been previously presented [22] . The two data sets are from specimens of significantly different length, different thermometer mount designs, and different calibrated thermometers. Still, the sets are at worst 5.2 % discrepant within their overlapping temperature measurement range, 0.069 to 1.49 K, and the error is always larger than the discrepancy between the sets. This is so close that two sets would overlap on Figure 5 so we only plot the new data.
As expected, the similarity between the ⊥ and directions of the grade 2020 graphite suggests a high degree of isotropy in the bulk material, perhaps due to use of isotropic filler particles. Both directions of Mersen grade 2020 graphite have thermal conductivity very similar to POCO grade AXM-5Q [55, 22] . The thermal conductivity of both these materials are lower than that of AGOT graphite, which is no longer manufactured.
Laminated materials
The flat cable coupon is a layered composite material with (longitudinal) heat flowing parallel to the layers, and each metal trace layer offering a direct, unsevered, path from warm to cool. Under these conditions, an aggregate thermal conductivity can be estimated by summing the heat conductances, i.e. Watts per Kelvin, through each layer as if they were not in contact with each other, and then multiplying the total by the cable length divided by its cross-sectional area. The thermal conductivity of our flat cable specimen is within 20 % of the value estimated from composing in this manner the heat conductances of its constituent materials throughout the temperature data range, Figure 6 (Right).
Flat cables can also be micro-fabricated by spinning a liquid polyimide precursor into a carrier substrate, depositing metal layers into it via vapor deposition processes, lithographic patterning and etching of traces and finally a soak in solvent to release from the carrier. This process results in down to O(100 nm) scale thickness flat cables, but is limited in length by the carrier size and is of a different price-scale than the laminated flat cables. As a rough comparison, van Weers et al. [61] presents a thermal conductivity 12 measurement for their micro-fabricated niobium on polyimide cables; they have a factor ∼10 lower thermal conductivity at 1 K. For this approach, material thicknesses can be so small that one has to consider thermal transport dominated by surface scattering.
The heat transfer coefficient due to transverse heat flow was obtained from a measurement of the serpentineshaped heat transfer coefficient test specimen described in section 3.2. The left plot in Figure 6 shows the result of our measurement. In contrast to the thermal conductivity due to longitudinal heat flow, the thermal boundary resistance between layers decreases the thermal conductivity from the expected result by a factor of 10 at 50 mK and 1.5 at 1.8 K. This measurement suggests that special attention may be needed to ensure adequate thermalization for transverse heat flow in laminated constructions.
Caveats
Finally, we note that microstructural and manufacturing variations occur for all the materials studied in this article. This is to say that material from different manufacturers, or batches, or lots, or at different positions within a single sample, may have different thermal or mechanical properties. We also note that for most materials our data represents a single sample of the thermal conductivity and T C from a single specimen and a single dilution fridge cool down. We have not measured the variations in the materials studied, and we have not measured the effect of repeated thermal cycling in the materials studied.
Conclusions
We draw the following conclusions from the information presented.
1. The β phase plus α precipitate titanium alloys Nb-47Ti, Ti 15-3, Ti 21S all have relatively low thermal conductivity at low temperature. Perhaps this is due to their two-phase microstructure. Their high ductility at room temperature, and superconductivity at low temperature make them useful materials for flat cable applications, provided their ductility does not vanish before the cable reaches a stationary position at low temperature. Otherwise, open traces may develop. With the same low temperature ductility caveat, the high specific strengths of Ti 15-3 and Ti 21S make these materials particularly attractive for use in structural support applications.
2. We find that one can obtain a reasonable estimate of the longitudinal thermal conductivity of a flat cable by composing the previously measured thermal conductivities of its constituent materials. In this case, our thermal conductivity estimates are within 20 % of the actual measured values which, assuming this holds true for other material combinations, is sufficiently accurate to be helpful in the conceptual design of cryogenic flat cables.
3. We find that, as the temperature decreases, the heat transfer coefficient due to transverse heat flow in our flat cable diverges from what one would expect based on the conductivities of its constituent materials. The divergence can be ascribed to the increasing effect of thermal boundary resistances between layers of the cable. This becomes a consideration when one tries to heat sink flat cables and the heat dissipating components that may be attached to them at low temperature. Furthermore, our method of measuring the heat transfer coefficient provides an accurate way to obtain this quantity for different stack combinations. Table 2 : Parameterized thermal conductivity, K(T ), for materials measured in this work. The data was fit to a power law if applicable, otherwise a logarithmic polynomial in both K and T was used. The fits assume that T is in units of Kelvin. A is the cross-sectional area of the sample, and L is the center-to-center distance between the sample thermometer mounts. Of the fits which are not power laws, NiTi needs an extra fit coefficient to accurately represent our data. For each material, three significant digits in the fit parameters was determined to be sufficient to reduce any roundoff errors well below our measurement error. 4. SCP-5050 offers an attractive combination of ductility, stiffness, dimensional stability, and low cryogenic thermal conductivity, arguing for its use in low temperature structural support applications.
5. The 2020 graphite is found to be relatively isotropic in its thermal conductivity. Graphite stands as an inexpensive structural material with relatively low thermal conductivity at low temperature and, unfortunately, low yield strength. Generally, graphites also have thermal conductivities on par with pure metals around room temperature; they can be used as passive heat switch materials because of this transition from relatively high to relatively thermal low conductivity [55] .
6. Bulk metallic glasses such as LM105 represent a potentially useful low temperature structural support material for their high strength, reported low temperature ductility, and superconductivity. In particular, LM105 has thermal conductivity on par with stainless steel. Especially attractive is the possibility of manufacturing intricate standoff members via an injection molding process.
